A Rhodobacter sphaeroides ribulose 1,5-bisphosphate carboxylase-oxygenase (RubisCO) deletion strain was constructed that was complemented by plasmids containing either the form I or form II CO2 fixation gene cluster. This strain was also complemented by genes encoding foreign RubisCO enzymes expressed from a Rhodospirillum rubrum RubisCO promoter. In R. sphaeroides, the R. rubrum promoter was regulated, resulting in variable levels of disparate RubisCO molecules under different growth conditions. Photosynthetic growth of the R. sphaeroides deletion strain complemented with cyanobacterial RubisCO revealed physiological properties reflective of the unique cellular environment of the cyanobacterial enzyme. The R. sphaeroides RubisCO deletion strain and R. rubrum promoter system may be used to assess the properties of mutagenized proteins in vivo, as well as provide a potential means to select for altered RubisCO molecules after random mutagenesis of entire genes or gene regions encoding RubisCO enzymes.
Ribulose 1,5-bisphosphate carboxylase-oxygenase (Rubis-CO) is a bifunctional enzyme that catalyzes the initial step in the carbon dioxide assimilatory pathway and photorespiratory pathway in virtually all photosynthetic organisms. RubisCO is thus positioned to regulate the flow of cell carbon through two competing metabolic pathways (2, 33, 47) . The enzyme from photosynthetic organisms, including plants, algae, cyanobacteria, and most photosynthetic bacteria, is composed of eight large and eight small subunits (L8S8) (type I or form I). The large subunits (Mr -50,000), encoded by the rbcL gene, contain the active site, while the precise role of the small subunit (Mr -12,000 to 15,000), encoded by the rbcS gene, is unclear, although it is required for full activity (2, 47) . A much less common form of RubisCO, containing only large subunits (type II or form II), encoded by the rbpL gene, is found in some purple nonsulfur photosynthetic bacteria. The enzyme from Rhodospirillum rubrum, the first of this type isolated, is a homodimer of large subunits (46) that shows little overall homology to large subunits of L8S8 enzymes. Because of its comparatively simple structure and functional similarity to the plant enzyme, it is perhaps the most thoroughly studied RubisCO protein (2, 27, 47) .
Rhodobacter sphaeroides, another purple nonsulfur photosynthetic bacterium, was also shown to synthesize form II RubisCO. In addition, this organism, like the related bacterium Rhodobacter capsulatus, synthesizes the more prevalent L8S8 enzyme (form I) which resembles the RubisCO from plant, algal, and cyanobacterial sources (13, 14) . Thus, R. sphaeroides and R. capsulatus synthesize two genetically and structurally distinct forms of RubisCO. In the case of R.
sphaeroides, much is known about the arrangement and regulation of the RubisCO genes (9, 12, 16, 17, 20, 21, 47) , which are found in two unlinked genetic regions that encode many of the enzymes of the reductive pentose phosphate pathway (16, 17, 47) . In both R. sphaeroides and R. rubrum, * Corresponding author. the regulation of RubisCO synthesis is sensitive to the CO2 concentration in the medium when cells are grown photolithoautotrophically. During photoheterotrophic growth, the levels of RubisCO depend on the nature and reduction level of the electron donor (22, 42, 47) .
In this study, we constructed an R. sphaeroides RubisCO deletion strain that served as a host for the expression of several different sources of RubisCO. Complementation of the RubisCO deletion strain was possible with DNA fragments containing either of two CO2 fixation gene clusters from R. sphaeroides or with a DNA fragment that contained the region upstream and including the rbpL gene from R. rubrum. The upstream region of the R. rubrum rbpL gene was also used as a promoter to express genes encoding RubisCO from different sources.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli JM109 (49) was used as the host strain for routine plasmid manipulations. E. coli HB101 (4) was used to maintain pVK101 and pVK102 plasmid derivatives. E. coli SM-10 (44) was used as the donor strain for R. sphaeroides strain constructions. R. sphaeroides HR (51) was derived from ATCC 17023 and was used as the wild-type strain in all growth experiments and as the parental strain for the RubisCO deletion mutant. Plasmids and relevant characteristics used in this study are shown in Table 1 .
Media and growth conditions. R. sphaeroides cells were grown under photoheterotrophic conditions in 9-or 22-ml screw-cap tubes or in bottles containing 400 ml of malatesupplemented Ormerod's medium (36) bubbled with argon as previously described (22) except that NaHCO3 was omitted. Dimethyl sulfoxide (DMSO) was used, where noted, at a concentration of 40 mM. Photolithoautotrophic growth was attained by bubbling 400 ml cultures of minimal medium with 1.5% CO2 in hydrogen (22) . For photosynthetic growth on solid media, 1.8% Bacto-Agar (Difco Laboratories, Detroit, Mich.) was added to malate or minimal medium; plates were Beckman spectrophotometer; 9.0-ml culture tubes were directly inserted into a Bausch & Lomb Spectronic 20. All growth vessels were incubated in illuminated water baths at 32°C as previously described (51) . Aerobic growth of R. sphaeroides, in complex peptone-yeast extract medium (51) , was performed in Erlenmeyer flasks or agar plates at 30°C. Antibiotic concentrations used for selection of resistance markers in R. sphaeroides were 50 ,ug/ml for streptomycin, 25 ,ug/ml for kanamycin, and 200 ,ug/ml for trimethoprim. Tetracycline was used at 5 ,ug/ml for routine plasmid maintenance and initial selection of exconjugants, and 0.5 ,ug/ml was used for screening of tetracycline-sensitive strains. E. coli was grown in Luria-Bertani medium (30) at 37°C.
Antibiotic concentrations were the same as with R. sphaeroides except for tetracycline, which was used at 12.5 ,xg/ml. Other antibiotics for E. coli were ampicillin at 50 ,ug/ml and chloramphenicol at 34 ,ug/ml. DNA manipulations and conjugation techniques. Plasmid and chromosomal DNA isolation, digestion of DNA with restriction endonucleases, ligation of DNA with T4 ligase, transformation of E. coli, agarose gel electrophoresis of DNA, and Southern hybridization analysis were performed as previously described (9) except that the alkaline sodium dodecyl sulfate (3) procedure was used for plasmid isolation. Transformation of E. coli with plasmid DNA was also performed by using the one-step transformation-bacterial storage procedure of Chung et al. (5) . Conjugations were performed on filter pads for diparental matings, using E. coli SM-10 (44) and pSUP202 derivatives for the construction of the RubisCO deletion strain. Triparental matings employed, the helper plasmid pRK2013 (10) for the introduction of plasmid constructs into R. sphaeroides as previously described (51) .
R. sphaeroides rbcL-rbcS rbpL deletion construction. The plasmid derivative pSUP::E25A::Km was constructed to mediate double recombination at the rbcL and rbcS loci in the bacterial chromosome (Fig. 1A) . To (Fig. 1B) (34), was subcloned into the SalI endonuclease site of pUC8 in both orientations. The resulting plasmids, pUC8::116-I and pUC8:116-II, were used to obtain smaller DNA fragments of R. rubrum DNA containing the mapped transcription initiation site for the RubisCO gene (29) . A 1.45-kb HindIII-BamHI DNA fragment from pUC8::116-I, which extends approximately 1.0 kb upstream of the mRNA start site, was then ligated to the HindIllBamHI sites in the broad-host-range vector, pRK404 (8) . This derivative, pRKRP-1, was then used as the promotervector plasmid for expressing the form II RubisCO gene (rbpL) from R. sphaeroides and the rbcL and rbcS genes from the cyanobacterium Anacystis nidulans (Synechococcus sp. strain PCC6301). These constructs were made by insertion of a 2.8-kb BamHI fragment from plasmid pRQ53, containing the R. sphaeroides rbpL gene, giving plasmid pRPS-53, and insertion of a 2.3-kb BamHI fragment containing the A. nidulans RubisCO genes from plasmid pUC13-75, resulting in plasmid pRPS-75 (Fig. 2) . The basic pRKRP-1 promoter construct was modified to allow the addition of a multiple cloning site sequence for the insertion of a wider range of DNA fragments downstream from the R. rubrum promoter. First, the HindlIl site at the junction between vector DNA and R. rubrum DNA, opposite the end of the transcription start site, was removed by HindIlI digestion, filled in with the Klenow fragment of DNA polymerase I, and religated with T4 DNA ligase. Then, into the single BamHI site of this intermediate, pRKRP1-M, a 62-bp BamHI polylinker of pUC1318 was inserted, giving the general expression vector construct, pRPS1. A 4.0-kb HindIII DNA fragment containing the R. sphaeroides form I RubisCO genes from pUC18-29 was then inserted into the HindIII site within the added multiple cloning site in both orientations with respect to the R. rubrum promoter in pRPS1, resulting in pRPS4-29-I and pRPS4-29-II.
Preparation of cell extracts. Cells grown photosynthetically were withdrawn as 20-or 30-ml samples, using a syringe-tubing withdrawal system so as not to disturb the anaerobicity of the growing culture. The cell samples were immediately washed in 0.1 M Tris HCI (pH 8.0)-i mM EDTA twice at 4.0°C; the cell pellets were stored at -70°C until needed. Frozen cells were thawed and resuspended in 1 ml of 50 mM Tris HCI (pH 7.3)-5 mM EDTA-5 mM dithiothreitol. Lysozyme was added to a final concentration 0.25 mg/ml, and after a 15-min incubation at 37°C, the cells were sonicated at 4°C to complete cell lysis. Centrifugation in an Eppendorf microcentrifuge was performed at 40C to pellet cell debris. Chromatophores were removed from the supernatant by treatment at 50°C for 10 min in the presence of 50 mM Mg2+ and then subjected to a second centrifugation for 10 min at 40C (22 used for all subsequent assays. Ribulose 1,5-bisphosphate carboxylase activity was measured by the assay previously described (52) . Protein concentration was determined by a modification of the Lowry protein assay (31), using bovine serum albumin as the standard.
Rocket immunoelectrophoresis. The concentration of all forms of gubisCO in cell extracts was quantified by rocket immunoelectrophoresis, using antibodies specific for each of the four enzymes employed (22) . Each of these antisera is specific for the respective antigen.
RESULTS
Construction of an R. sphaeroides RubisCO deletion strain. R. sphaeroides strains lacking one of either form of RubisCO had previously been shown to be capable of both photoheterotrophic and photolithoautotrophic growth (9) . Thus, strains obtained from the mating with pSUP::E25A::Km, possessing the proper antibiotic resistance phenotype (Kmr Tcs), were cultured photoheterotrophically in 22-ml tubes, and cell extracts were examined for the presence of form I RubisCO by rocket immunoelectrophoresis. All of the three Kmr Tcs strains tested lacked any detectable form I RubisCO antigen (data not shown). Strains with the form I-negative phenotype were subsequently subjected to Southern hybridization analysis to confirm genetic replacement with the rbcL-rbcS deletion construct. The results in Fig.  3A , together with the restriction maps in Fig. 1 , verify the genetic replacement of the rbcL-rbcS deletion construct. Most importantly, a hybridizing fragment at 1.8 kb is found in lane 1 of Fig. 3A , corresponding to the intact fragment in the chromosome; this is replaced by a hybridizing fragment of 2.5 kb in the deletion strain (Fig. 3A) , accounting for the ig-,. ' . h ; 8 Southern blot analysis of the rbpL region is also shown (Fig. 3B) . These results confirm the genetic replacement of the deleted-inserted fragment from pSUP::FII::DI for the intact rbpL allele in the chromosome. The presence of the internal EcoRI site in the fragment encoding resistance to trimethoprim results in the generation of two hybridizing fragments, one at 3.8 kb and one at 1.1 kb (Fig. 1) , thus providing further confirmation that a double recombination had occurred in the chromosome. R. sphaeroides 16 therefore was genetically verified to contain chromosomal deletion-insertions at the regions encoding the rbcL and rbcS genes and the rbpL gene and was incapable of synthesizing form I or form II RubisCO as measured by immunological procedures (22) .
Analysis of the R. sphaeroides RubisCO deletion strain 16. Growth was possible for the dual RubisCO mutant strain under aerobic (chemoheterotrophic) conditions. Photoheterotrophic growth was possible only when the culture was supplemented with an alternate electron acceptor such as DMSO to bypass CO2 fixation as a means to maintain redox balance (41) (Fig. 4) (12, 16, 17, 47) (Fig. 1) . R. sphaeroides 16 derivatives containing plasmid pJG336 or pJG106 were obtained by conjugation of E. coli HB1O1(pJG336) or HB1O1(pJG106) with strain 16 by selecting for all antibiotic resistance markers (Smr, Kmr, Tpr, and Tc) under aerobic conditions. Several Tcr exconjugants were then assessed for photoheterotrophic and photolithoautotrophic growth on plates in anaerobic chambers. R. sphaeroides 16 containing plasmid pJG336 or pJG106 grew well both photoheterotrophically and photolithoautotrophically. Single colonies on peptoneyeast extract-tetracycline plates from each mating were inoculated into liquid malate medium in 22-ml screw-cap tubes. Cells from these cultures were judged to be photosynthetically competent and were used to start 400-ml cultures bubbled with the appropriate gas mixtures. These particular growth conditions were used throughout the analysis of R. sphaeroides complemented strains, as photosynthetic growth of the wild type as well as RubisCO protein levels and activity profiles have been well characterized by using this system (9, 22 differences between the complemented strains were found in cells grown under photolithoautotrophic conditions, in which the amount of RubisCO produced was 19% of the total soluble protein for form I, via plasmid pJG336, and 13.6% of the total soluble protein for form II, via plasmid pJG106. These levels, while amplified over the amounts found in the wild type, can most simply be attributed to a gene dosage effect, since the complementing RubisCO-encoding genes are located on low-copy-number plasmids and the increases in protein level average two-to threefold over the amounts found in the wild-type strain, corresponding to a plasmid copy number of two to three. Longer generation times under photoheterotrophic conditions for both R. sphaeroides 16(pJG336) and R. sphaeroides 16(pJG106) may also be a plasmid effect, since maintenance of the 45-to 47-kb plasmids may place additional burdens on the cell. The increased generation time under photolithoautotrophic conditions for R. sphaeroides 16(pJG336) may be a combination of this plasmid effect, and to the effect of cells bearing a higher concentration of form I RubisCO than that seen in the wild type, thereby taxing the growth of this strain even further. To summarize these results, complementation of the RubisCO deletion strain 16 is possible by the introduction of plasmids pJG336 and pJG106, containing either of the two CO2 fixation gene clusters, and expression from these gene clusters is regulated such that there is derepression of RubisCO synthesis in cells grown photolithoautotrophically.
Construction of an R. sphaeroides expression vector. Successful complementation of the R. sphaeroides RubisCO deletion strain 16 with native CO2 fixation gene clusters, using plasmids pJG336 and pJG106, demonstrated that strain 16 RubisCO deletion strain to photosynthetic growth, physiological analysis of these cells was undertaken. Cultures of R. sphaeroides 16 complemented with RPS plasmids containing each of the four DNA inserts (encoding different RubisCO genes) were grown photoheterotrophically and photolithoautotrophically. All cultures, expressing each of the RubisCO enzymes under study, had doubling times of 12 to 13 h under photoheterotrophic growth conditions. This is about 5 to 6 h longer than for wild-type strain HR (Table 3) . Generation times of complemented strains under photolithoautotrophic conditions ranged from 8 to 18 h longer than for the wild type. Strain 16 cells harboring plasmids pRPS4-29 and pRPS-53, encoding the indigenous R. sphaeroides rbcL and rbcS genes and the rbpL gene, respectively, had the fastest photolithoautotrophic generation times of the complemented strains. Extended but variable lag times of up to 72 h following inoculation of photolithoautotrophic cultures often resulted for complemented strains, especially when the initial A660 was below 0.1 (data not shown). Inoculating photolithoautotrophic cultures at an A660 higher than 0.1 generally eliminated this lag but did not consistently lead to an increased overall growth rate.
The levels of RubisCO activity and immunologically quantitated RubisCO protein in strain 16 complemented by each of the R. rubrum promoter-structural gene constructs was determined (Table 3) . Photoheterotrophic growth on malate of R. sphaeroides [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , bearing the R. sphaeroides rbcL and rbcS genes, and R. sphaeroides 16(pRPS-116), which possesses the rbpL gene from R. rubrum, indicated that the RubisCO activities were similar to that found in wild-type strain HR. Strains 16(pRPS-75) and 16(pRPS-53), containing the A. nidulans rbcL and rbcS genes and the R. sphaeroides rbpL gene, respectively, showed RubisCO activity about twofold higher than that of the wild type. Compared with the level in the wild-type strain, the amount of RubisCO protein was also higher in strains complemented by the various R. rubrum promoter-RubisCO gene constructs under photoheterotrophic conditions. The higher RubisCO protein level found in the pRPS-complemented strains is similar to the complementation results obtained with plasmids pJG336 and pJG106, which contain endogenous R. sphaeroides promoter sequences (Table 2 ). Since pRK404-based plasmids have a copy number in R. sphaeroides estimated at six per chromosome (7) , a likely cause of the high levels of RubisCO may reflect high gene dosage with use of the pRPS expression vectors. The most dramatic effect of using the R. rubrum RubisCO promoter to express the various RubisCO genes in R. sphaeroides 16 was observed in cells grown photolithoautotrophically on 1.5% CO2 in H2. Here, RubisCO protein levels and RubisCO activity increased well over the amounts found under photoheterotrophic conditions. In particular, strain 16 complemented with pRPS4-29, pRPS-53, and pRPS-116, containing the purple nonsulfur bacterial genes encoding R. sphaeroides form I RubisCO, R. sphaeroides form II RubisCO, and R. rubrum RubisCO, respectively, produced a minimum of 34% of the total soluble protein of the cell, with the R. sphaeroides form II enzyme accumulating up to 45% of the total soluble cell protein ( The gene designated cfxA immediately upstream of rbcLrbcS in R. sphaeroides is a gene of unknown function. The inclusion of cfxA in plasmid pRPS4-29 was simply a matter of convenience during construction. Subsequent work with a construct lacking the cfxA gene in an R. rubrum promoter construct indicated that cfxA is not required for expression of the rbcL and rbcS genes (data not shown). This construct lacking the cfxA gene is thus analogous to the pRPS-53 construct, which contains the form II RubisCO-encoding gene, rbpL, but no upstream cfxB (Fig. 2) .
Analysis of photoheterotrophic growth of an R. sphaeroides RubisCO deletion strain complemented by cyanobacterial RubisCO genes. The results discussed above clearly show that R. sphaeroides RubisCO deletion strain 16 was capable of both photoheterotrophic and photolithoautotrophic growth when foreign RubisCO molecules were expressed. All RubisCO proteins were synthesized to appreciable levels with good enzymatic activity (Table 3 ). An original rationale of these studies was to determine whether physiological problems arose as a result of the expression of foreign RubisCO genes. Results using the four sources of RubisCO to complement the R. sphaeroides deletion strain indicated no major physiological growth differences, with one possible exception, other than the previously mentioned extended lag which occurred under photolithoautotrophic growth condi- nidulans rbcL-rbcS gene construct). These results suggest that the R. rubrum RubisCO promoter is repressed under these conditions. Since these results were highly reproducible, the low levels of activity seen for pRPS-53 was most likely a property of this DNA insert and not a result of readthrough occurring from the R. rubrum promoter under aerobic conditions. Overall, expression in R. sphaeroides of several different rbcL, rbcS, and rbpL genes, directed by the R. rubrum RubisCO promoter construct, displayed regulation that closely paralleled that seen in the native background. The regulation pattern seen with the R. rubrum promoter construct may be generalized: little or no expression under fully aerobic conditions, intermediate levels of expression under photoheterotrophic conditions, and complete derepression (highest expression) under photolithoautotrophic conditions in an atmosphere of 1.5% CO2 in H2.
DISCUSSION
This work describes the construction of a RubisCOnegative strain of R. sphaeroides that lacks both form I and form II RubisCO. The construction was made by replacing wild-type alleles of each of the genes encoding the two RubisCO forms with deletion-insertion derivatives contained in suicide vectors. Genetic exchange was confirmed by Southern blot analysis. The rbcL-rbcS rbpL deletion strain (strain 16) was unable to grow under photolithoautotrophic or photoheterotrophic conditions with CO2 as the electron acceptor. However, if DMSO was added as an alternative external electron acceptor, photoheterotrophic growth was possible for the RubisCO-deleted strain. This result was not surprising since the presence of DMSO can eliminate the otherwise absolute requirement for sodium bicarbonate for photoheterotrophic growth on butyrate (41) . The finding of an alternate electron acceptor effectively substituting for CO2 fixation is also consistent with recent studies involving insertions into the cfx genes of R. sphaeroides (21) . The cfx genes are of unknown function but are located just upstream of each of the two genes encoding RubisCO (17, 19) (Fig. 1) . Insertions into cfxA or cfxB essentially prevents expression of each of the downstream RubisCO genes, thus endowing the strain with a RubisCO-negative phenotype (11, 21) .
This work extends earlier studies in which it was found that inactivation of either the rbcL and rbcS genes or the rbpL gene did not prevent photosynthetic growth of the resultant form I-or form II-negative strain. These studies (9) and more recent investigations (21) indicated that form I-or form II-negative strains may compensate for the lack of the other RubisCO enzyme. Here, we desired especially stable null mutations in genes encoding both of the two forms of RubisCO, so that attempts at complementation or selection of altered forms of RubisCO or detection of other means of CO2 fixation would not be obscured or prevented. Previous attempts to construct the dual RubisCO mutant in R. sphaeroides used a Tn5 insertion to inactivate one gene encoding RubisCO and the insertion of a resistance cartridge to disrupt the other RubisCO-encoding gene. However, it was found that after prolonged incubation under photoheterotrophic conditions, the TnS-inactivated RubisCO genes reverted. Presumably, precise excision of TnS resulted, leading to photosynthetic growth (data not shown). Corroborating these results is the high frequency of precise excision of TnS recently found in Pseudomonas aeruginosa (18) . Thus, the use of rbcL-rbcS rbpL deletion derivatives in this study permitted the construction of a strain that exhibited complete stability in that no evidence of reversion has been observed even after prolonged photolithoautotrophic incubation.
Introduction of the R. sphaeroides endogenous CO2 fixation operons found in cosmid derivatives pJG106 and pJG336 into the RubisCO deletion strain 16 resulted in complementation to photosynthetic growth. Regulation of RubisCO expression was normal when directed by these plasmids, since RubisCO synthesis increased in photolithoautotrophically grown cells. The levels of RubisCO protein were uniformly greater in these complemented strains than in the wild type, probably because of a gene dosage effect of using multiple-copy plasmids for complementation. Complementation of R. sphaeroides 16 was also possible with several foreign genes encoding RubisCO when the region upstream of the R. rubrum rbpL gene was used as the promoter. Again, expression was regulated similarly to that in the parent strain. Amplified levels of RubisCO expressed from the R. rubrum promoter construct were similar to the high amounts obtained with the cosmid derivatives pJG336 and pJG106. Here, however, both a plasmid copy effect and a more active promoter may account for the greatly increased levels. The latter possibility is reasonable since R. rubrum may produce levels of RubisCO that approach 50% of the total soluble protein (42) .
Use of this expression vector construct, combined with the results of attempts at complementation using plasmids containing various lengths of sequence upstream of the form I or form II RubisCO-encoding genes, indicated that the R. sphaeroides rbcL-rbcS rbpL gene promoters were not immediately proximal to the RubisCO initiation codon. Indeed, positive complementation with the entire CO2 fixation gene regions of plasmids pJG336 and pJG106 suggests that the RubisCO gene promoters are some distance upstream. This view is in agreement with recent studies involving cartridge insertions into regions upstream of both RubisCO genes (11, 12) . Certainly, as shown in this study, double recombination back into the chromosome must be rigorously excluded as a potential trivial explanation for positive complementation.
These results also suggest a fundamental difference in the promoter-RubisCO gene arrangement between R. sphaeroides and R. rubrum in which the promoter for the rbpL gene is located just upstream of the gene, as shown here and by transcription mapping studies (29 Again, this is most evident in the pJG336 and pJG106 complementations, but also when the R. rubrum promoter is used for complementation. The specific activity of form I-type enzymes calculated from the levels of antigen found in crude extracts is similar to the specific activity of the enzyme found in extracts of the wild-type strain. However, the calculated specific activity found in extracts of form II RubisCO-complemented strains is consistently higher than the specific activity of the enzyme synthesized in the wild-
